ABSTRACT Early pulmonary infection and inflammation result in irreversible lung damage and are major contributors to cystic fibrosis (CF)-related morbidity. An easy to apply and noninvasive assessment for the timely detection of disease-associated complications would be of high value. We aimed to detect volatile organic compound (VOC) breath signatures of children with CF by real-time secondary electrospray ionisation high-resolution mass spectrometry (SESI-HRMS).
Introduction
Breath contains information about processes of the human body, such as metabolism and inflammation [1, 2] . A variety of metabolites, also called volatile organic compounds (VOCs), have already been identified in exhaled breath, some of which were shown to be directly linked to diseases [3, 4] . Cystic fibrosis (CF) lung disease is a consequence of a vicious circle of early and often subclinical pulmonary infection and inflammation resulting in irreversible lung damage [5] [6] [7] [8] [9] . Due to its noninvasive character, breath analysis seems to be particularly attractive as a disease monitoring tool in CF.
Only a handful of studies investigated exhaled VOCs in patients with CF by mass spectrometry. In almost all previous studies, breath was collected in bags and then analysed either directly by selected ion flow tube mass spectrometry (SIFT-MS) or by thermal desorption and subsequent gas chromatography mass spectrometry (GC-MS). Two small pilot studies showed distinct patterns of a range of exhaled features in patients with CF compared to healthy controls [10, 11] detected by GC-MS. Other studies found molecules predictive for airway colonisation with various respiratory pathogens [12, 13] including Pseudomonas aeruginosa [14, 15] . Similar approaches reported exhaled molecules associated with CF and airway obstruction [16] , acute exacerbations [17] and steroid treatment [18] .
Secondary electrospray ionisation high-resolution mass spectrometry (SESI-HRMS) is a promising methodology for online breath analysis with the potential to analyse entire breath profiles. Several thousand mass-to-charge ratios (m/z features), which effectively correspond to exhaled VOCs, are detected simultaneously. Disease-specific features can subsequently be identified by bioinformatic analysis. Additionally, SESI-HRMS opens up the opportunity for compound identification of relevant molecules [19] . SESI-HRMS is a very gentle and sensitive technique that ionises volatile and even semi-volatile breath metabolites at ambient conditions [20, 21] . It can be performed in positive-and negative-ionisation mode, which increases the number and classes of compounds that can be detected. Previous studies with SESI-HRMS have identified potential exhaled biomarkers for respiratory diseases such as chronic obstructive pulmonary disease [22, 23] and obstructive sleep apnoea [24] . A recent perspective article summarised the potential of SESI-HRMS for breath biomarker discovery and the methodological issues that must be overcome in the future [25] .
In a recent study, our group identified significant differences between breath profiles of adolescent and adult patients with CF and healthy age-matched controls by SESI-HRMS [26] . The present study exclusively investigates children with a methodology optimised for younger children and a larger sample size.
We hypothesised that children with CF exhale a set of disease-specific VOCs that is discriminative from healthy children. The aim of this study was a proof-of-principle for the application of online breath analysis by SESI-HRMS in children with CF and its potential to detect VOC breath signatures specific for CF. Identification of novel disease-relevant molecules could greatly improve the management of CF by providing information about the course of disease, therapy success, bacterial infections and exacerbations. Additionally, it might provide novel insights into the molecular pathophysiology of CF. Ultimately, the identification of disease-specific biomarkers in breath sets the path for rapid, noninvasive and risk-free diagnostics [2, 27, 28] . Due to the simple and noninvasive nature, molecular breath analysis is highly relevant for paediatric applications and has the potential to revolutionise diagnosis and the management of various respiratory diseases in the future.
Methods

Study design and participants
Children with CF and healthy children, aged between 4 and 18 years, were included in this prospective cross-sectional study. The CF population was recruited from the outpatient clinic of the University Children's Hospital Zürich, Switzerland. CF diagnosis was confirmed in all patients via a combination of typical clinical features, an abnormal sweat test and/or genetic testing. They were enrolled for the study during their regular follow-up visits. Healthy participants were recruited by means of flyers distributed throughout the hospital and oral communication from public schools. Measurements were planned randomly across the daytime and over the entire measurement period in order to minimise bias by circadian changes of metabolism and instrumental drift over time. Exclusion criteria included the presence of an acute infection within the last 2 weeks and the inability to perform reproducible exhalations. Patients with CF with a known colonisation with Burkholderia cepacia, methicillin-resistant Staphylococcus aureus and atypical mycobacteria, such as multidrug-resistant Gram-negative bacteria were excluded due to hygiene control. Due to the exploratory study design, sample size calculation was not feasible.
Data that were analysed for the study included breath analysis measurements as well as clinical data including lung function test, biometric data, medication and bacterial colonisation of patients. More details about the collection of clinical data are provided in the supplementary material.
The study was approved by the ethics committee of the canton of Zürich (ID 2017.00909) and participants or their legal guardians provided appropriate written consent.
Breath analysis
Participants did not consume any edible substances or liquids (excluding water) for at least 1 h prior to the measurement. Children were required to sit comfortably on a chair or on the lap of their parents for the measurement, then instructed to take a deep inhalation and slowly exhale into the instrument through a single-use mouthpiece connected to the heated sampling line of the ionisation source. All parts were either single-use or sterilisable and the subsequent sampling line was heated to 130°C, eliminating the need for an additional bacterial filter. A measurement consisted of at least three repeatable exhalations in a row, with a minimum length of 5 s and a pressure of 5±2 mbar each. The exhaled air was analysed in real time by a novel prototype of a secondary electrospray ionisation source (Super SESI, FIT FossilionTech, Madrid, Spain) linked to a high-resolution time-of-flight mass spectrometer (Triple TOF 5600+, AB Sciex, Concord, ON, Canada). The measurement was first performed in negative-ionisation mode at a voltage of −4500 V and then repeated in positive-ionisation mode at +4500 V after a minimum 3-min rest period. Each measurement consisted of 5-6 long and constant exhalations that were recorded in series with a short break of 20 s between each breath. Mass spectra ranging from m/z 50 to 500 were recorded at an accumulation time of 1 s. More details about the breathing manoeuvre and instrumental settings are provided in the supplementary material.
Data pre-processing
The mass spectra were resampled onto a linearly spaced m/z axis with a resolution of 0.0005 Da (9×10 8 data points, 50-500 m/z range) for which peak detection was performed. The peaks arising in breath signals were selected and filtered by selecting those that appeared in at least 30% of the samples. The resulting peaks were normalised to the total ion chromatogram (TIC) for each sample and arranged into an n×k intensity matrix, where n is the number of samples and k is the number of features. See online supplementary material for more details.
Statistical analysis
Prior to statistical analysis, adjustment for batch effects (change of the investigator team) was performed using the proposed method in JOHNSON et al. [29] . The identification of the significant m/z features between patients with CF and healthy participants, was performed by applying the Mann-Whitney U-test [30] on the labelled intensity matrix. The Benjamini-Hochberg procedure was applied to control for the false discovery rate (FDR) [31] . The significance level for the FDR-adjusted p-values (i.e. q-values) was set to 0.05.
The predictive ability (CF versus healthy) of collected breath samples was assessed by using a support-vector machine (SVM) classifier with linear kernel [32] . In order to avoid using all signals from breath samples for the model development, feature selection was performed on the labelled intensity matrix using the Mann-Whitney U-test in conjunction with stability selection [33] . Variable collection for stability selection was performed by applying the Mann-Whitney U-test and keeping only the features with p-values below the 0.2-quantile of all obtained p-values. The predictive performance was evaluated in a nested cross-validation [34, 35] , where the outer loop of the cross-validation (10-fold cross-validation) was used to estimate the generalisation error, while the inner loop (10-fold cross-validation) was used to optimise the hyperparameters of SVM. In order to prevent feature selection bias and overfitting, feature selection had to be performed in each loop of the cross-validation (inner and outer) [35] . The process was repeated 25 times (25 times repeated 10-fold cross-validation). More details on the data analysis are provided in the supplementary material.
Annotation of molecular formulae
The CF-specific m/z features were annotated with molecular formulae by an automated workflow based on the recommendations of KIND and FIEHN [36] with adjustments to allow water clusters and elements commonly detected with SESI. See online supplementary material for more details.
Results
Participant characteristics
Overall, 52 children with CF and 49 healthy children, between the age of 4 to 18 years, were included in this study. The two groups had comparable lung function and body mass index (BMI) with a similar sex distribution. Overall, 27 of the patients with CF were homozygous for the mutation F508del, whereas 6 had residual function mutations. A detailed table showing all types of mutations is included in the table S1. Other characteristics of the CF population are shown in table 1, including colonisation with bacteria and relevant medications.
Breath analysis
Data pre-processing of breath samples resulted in 3468 m/z features across 101 subjects. The 3468×101 intensity matrix was statistically analysed in an effort to identify discriminatory m/z features between the two groups (CF versus controls). The Mann-Whitney U-test, together with the correction for multiple testing, revealed 171 features in exhaled breath below an FDR-adjusted p-value (q-value) of 0.05, 61 (35.7%) of which showed higher intensities in children diagnosed with CF. No m/z values were exclusively present in only one group. Table 2 shows the list of the top 20 m/z values (ordered by q-value) together with annotated molecular formulae. The corresponding box plots of the top 9 m/z features are shown in figure 1 and their first two principal components in figure 2. When attempting to predict CF from breath samples, our data processing pipeline showed an average accuracy (repeated cross-validation) of 72.1% with an average sensitivity of 77.2% and an average specificity of 67.7%.
The forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC) scores of patients and controls were compared to the variation of intensities of relevant CF features. Regression analysis revealed no significant results for any of the detected 171 features (table S3).
The sample sizes of different subgroups based on intake of medication and bacterial colonisation as well as their combinations were too small to investigate the influence of these factors on the breath profiles.
Discussion
This study investigates the largest sample size with the methodology of SESI-HRMS to date, including 101 participants. Moreover, it is the first study to assess entire breath profiles of children with SESI-HRMS and extract sets of VOC signatures associated with CF. We have detected a large set of exhaled molecules that are potentially related to CF, indicating that the molecular breath of children with CF is diverse and informative. We investigated a relatively young population without advanced CF lung disease together with a low rate of complex chronic airway infections with Gram-negative bacteria and multidrug therapy. We therefore assume that the results of this explorative study may reflect the complex metabolic processes of the disease and its interplay with the airway microbiology, inflammation and drug metabolism.
As we were the first group to translate the methodology of SESI-HRMS into paediatrics we needed to adapt the breath sample collection to a relatively young population. By our definition, a successful measurement consisted of a sequence of at least three reproducible, long and continuous exhalations. Young children had difficulties to keep a constant pressure across the entire exhalation and to exhale for a sufficient amount of time. Nevertheless, we were able to obtain reproducible measurements from children aged 4 years, which was therefore determined to be the minimum age for participants. Although the time of exhalation was shorter than that in older children, the exhalations were still repeatable with a low intra-subject variability and had a stable plateau phase. As an example, figure 3 shows the time trace of the TIC as well as one CF-specific m/z feature 151.0247 in a 4.5-year-old and a 13-year-old patient. Nevertheless, a successful measurement was not only dependent on age, but also on the cooperation and concentration of the children and their parents.
We managed to extract breath profiles consisting of molecules discriminative of the disease state. As illustrated in the box plots of nine exemplary features (q-value<0.05), normalised intensities show relatively distinguishable values between the two groups. Figure 4 shows extracted time traces of three VOC features of a patient with CF and a healthy child of the same age (13 years old). The visible difference in absolute intensity serves as an example that our method is capable of detecting clear differences between healthy and diseased probands.
The assessment of the predictive power of breath samples resulted in an average accuracy of 72.1%. We hypothesise that the accuracy score was not surprising considering the general heterogeneity, young age and remarkable health of the investigated CF population. This, we claim, is also visible in the box plots of the most significant features (figure 1) and their first two principal components (figure 2). Firstly, the variation in intensity of the features related to patients with CF was generally greater in the patient group than the healthy one, representing the large heterogeneity of the disease. Secondly, the young age and excellent health of the patients with CF result in a slight overlap of the intensities of CF-specific features between some patients and healthy controls. Nonetheless, we could show that entire breath profiles of children diagnosed with CF carry significant information related to their condition. The entire list including all significant features and all annotated molecular formulae is provided in the table S2, including nine features that could not be assigned with a molecular formula. The intensities were scaled for better readability using distance to median divided by the median absolute deviation. FDR: false discovery rate. A stricter feature selection (e.g. lower p-value threshold) or even a transformation of the features space into some other space (e.g. principal component analysis (PCA)) could have led to a higher average accuracy of the data pipeline. However, all these measures are to be interpreted only within the scope of the current study. Consequently, any real-world interpretation can only be done with a separate external validation dataset, which we intend to create in the upcoming validation study.
The number of patients (n=52) together with the variety of patient-specific variables did not allow an extraction of breath profiles that are relevant for in-depth phenotyping of the CF population. We investigated effects of age, sex, BMI and most importantly, medication intake (including inhalation of salbutamol, inhaled corticosteroids, tobramycin, rhDNAse; oral antibiotics, pancreatic enzymes, ursodeoxycholic acid) and did not find any systematic and significant influences on the features in our statistical analyses. At this stage we cannot exclude the fact that some of the features are related to exposure to medication, either due to small numbers (e.g. use of inhaled tobramycin in only six (11%) children with CF) or that the drug was used in almost all patients (e.g. pancreatic enzymes in 96% of the patients). Due to the large heterogeneity of the disease itself, intake of many medications and the inhomogeneity of bacterial colonisation, a larger sample size with evenly distributed groups is needed for meaningful phenotyping. However, this was not the aim of the present study. Therefore, we did not attempt to identify features indicative for specific infections, as for example with Pseudomonas aeruginosa. Nevertheless, the timely and noninvasive detection of bacterial infection is especially attractive for breath analysis in CF, since it would be highly relevant for clinical application and we plan to investigate the potential of SESI-HRMS to detect Pseudomonas and other infection in breath in a subsequent prospective study. A previous study with the same methodology detected the medication salbutamol in breath [37] . Since all included patients with CF have taken a variety of inhalatory and noninhalatory medications, it is to be expected that the extracted VOC breath signature contains some molecules that are related to medication (or bacterial infection) and not the disease itself. Since our sample size was not large enough to determine the influence of these parameters by statistical means, identification of the compounds and further studies with more participants will provide more insights. Some limitations should be noted. First, we did not measure background air samples. Although these may affect the results to some degree, all measurements were performed in a dedicated mass spectrometry laboratory with standardised room conditions and we expect background noise to be relatively stable over the study. In addition, both patients with CF and healthy controls were measured under the same conditions. We therefore expect that measurements of both groups were similarly affected by room conditions and will therefore be less relevant to group differences. We did not use an inspiratory VOC filter and did not continuously monitor the molecular composition of room air. Therefore, the presence of VOCs in the inhaled room air might have influenced detected features.
Further, to this stage, we present a broad comparison of breath profiles between children with CF and healthy controls but we do not present specific compounds. The identification of the compounds is a complex and elaborate process. This process is ongoing and the identified components will be evaluated in an upcoming validation study. We were interested in a wide spread of different ages to assess feasibility on the one hand and the whole spectrum of disease severity on the other hand. However, our CF group is a relatively stable group with similar FEV 1 and BMI values to the healthy controls, which limits the identification of breath profiles that may be associated with severity. The variability of the compounds seems larger in the CF group (as apparent in the box plots in figure 1 ). Although we did not find clear statistically significant correlations between lung function and age with the breath compounds at this stage, we hypothesise that the wider spread may be due to the variable ages and severity of lung disease.
This was the first study conducted with a new prototype SESI ion source (Super SESI, Fossil Ion Technology) coupled to a time-of-flight mass spectrometer. Not surprisingly, due to the novelty of the ion source, a few technical issues arose over time. For example, a progressive decrease of electrospray current and contaminations of the electrospray fluid. The mentioned issues did not influence our results, since we excluded almost all measurements that were recorded during the period of voltage shift and then continued the study once the physical defect was repaired. As a consequence, we started to continuously monitor the current technical state of the instrument. In order to avoid such problems in future studies, there is a need for effective and robust quality control criteria in order to detect technical problems quickly. In order to further improve the methodology SESI-HRMS, the technical handling, conduction of measurements and data analysis needs standardisation among different research groups.
Interestingly, there was no overlap between our detected VOC signatures and those identified in a previous study with SESI-MS [26] . However, we did investigate a different patient group, consisting of mostly young and relatively healthy children. Additionally, we used a novel and improved ion source [25] with inert surfaces and improved cleaning capabilities. Lastly, we adjusted the HRMS setting to reduce fragmentation of detected m/z features by setting the collision gas to collision-activated dissociation (CAD)=0, compared to the standard setting of CAD=6 during the previous study. These differences of the instrumental set up make it hard to compare the results of the two studies. There was also no obvious overlap between our detected CF-specific m/z features and compounds found by other studies in patients with CF using different mass spectrometric methodologies. However, thorough comparison of studies will only be possible as soon as our features are unambiguously identified. Currently, we are able to annotate 95% of the 171 features from patients with CF (m/z features) with a putative molecular formula, in contrast to the first CF study from our group [26] where only 37% of 49 features could be assigned with a formula. The previously reported compound identification workflow [38] , which was based on the analysis of exhaled breath condensates showed limited applicability for the present study. Therefore, we are currently developing a compound identification approach with direct, online breath analysis including signal-boosting and pre-separation steps. This should likely allow a thorough identification of CF-specific features in the subsequent validation study. Since there are limited databases for the matching of compounds detected by SESI-HRMS available and interpretation of mixed-fragment MS-MS spectra without pre-separation is challenging, compound identification is a time consuming and complex process However, identification is required to get insights into the molecular pathophysiology of CF. We hypothesise that we will identify molecules reflecting bacterial metabolism and that at least a part of these features will be different in patients with distinct bacterial colonisation of their airways and that relevant features reflect oxidative stress and neutrophilic airways inflammation. There is no doubt that the microbiome occurs in the airways but also the gut impacts on exhaled VOC's and we are sure that some of the differences we found may be explained by differences in the microbiome.
For future studies, our main goal is to adopt the SESI-HRMS methodology for the phenotyping of patients with CF. We are extremely interested in the early detection of bacterial infection, including Pseudomonas aeruginosa and acute exacerbations in breath. Although normal at birth, infants with CF develop an abnormal airway microbiome during the first year of life [39] . Their airways are rapidly colonised by pathogens, including Staphylococcus aureus and Haemophilus influenzae followed by predominance of Gram-negative bacilli such as Pseudomonas aeruginosa [40] . Chronic infection and colonisation result in a deteriorating vicious circle and contribute substantially to disease progression and CF-related mortality [5] [6] [7] [8] [9] . Early detection of airway infection is crucial to start antimicrobial therapy, increase survival and reduce cross-infections. An easy to apply and noninvasive assessment of disease activity and disease-associated complications, such as airway infection, would be of high value in the management of patients with CF. Since we assume that medication could have an impact on breath signal, we will address the impact of various medications on breath composition in future studies. We further plan to investigate whether changes in the CF breath profile are related to disease progression, treatment success and other factors that are helpful for providing the best therapy and care for children with CF.
Conclusions
The SESI-HRMS methodology is capable of detecting breath signatures in children with CF. The identification and monitoring of CF-specific VOCs in breath is highly relevant and promising for various clinical applications, such as early detection of bacterial infection, exacerbations and therapy monitoring. Support statement: This study was supported by grants from the Swiss National Science Foundation (326030_177101) and the Uniscientia foundation. This study is part of the HMZ flagship project Zürich Exhalomics. Funding information for this article has been deposited with the Crossref Funder Registry.
